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Introduction {#sec005}
============

Glioma and meningioma are the two most common primary central nervous system (CNS) tumors, representing 70% and 20% of brain tumors, respectively \[[@pone.0136974.ref001], [@pone.0136974.ref002]\]. Gliomas originate from glial cells, are as a rule histologically malignant and are more frequent among males \[[@pone.0136974.ref001]\]. On the other hand, meningiomas originate from the arachnoidal cells of the leptomeninges, are typically histologically benign and are two-fold more frequent among females \[[@pone.0136974.ref003]\]. The risk factors for brain tumors are poorly understood \[[@pone.0136974.ref004]\], but may include genetic conditions and ionizing radiation \[[@pone.0136974.ref005]\]; occupational exposures seem also to be meaningful, as glioma has been linked with occupational exposure to arsenic, mercury and petroleum products, whereas meningioma has been associated with lead exposure \[[@pone.0136974.ref006]\]. The Million Women Study highlighted attained height as a risk factor for the incidence of all central nervous system tumors with an excess risk of about 20% per 10 cm increase in height \[[@pone.0136974.ref007]\]. Currently, there is a vivid debate regarding the effects of mobile phone use \[[@pone.0136974.ref008]\]. On the other hand, a meta-analysis has highlighted atopy as a potential factor inversely associated with glioma but not meningioma \[[@pone.0136974.ref009]\], whereas another meta-analysis did not find any significant association between smoking and glioma risk \[[@pone.0136974.ref010]\]. Head injury may entail at most only a small increase in the overall risk of brain tumors\[[@pone.0136974.ref011]\]. Hormonal and reproductive risk factors appear to be associated with meningioma risk, as positive associations with hormone replacement therapy use \[[@pone.0136974.ref012]\], uterine fibroids \[[@pone.0136974.ref013]\] and endometriosis \[[@pone.0136974.ref013]\] have been reported, culminating at a possibly positive association with breast cancer \[[@pone.0136974.ref014]\].

Obesity is a well established risk factor for several cancer types \[[@pone.0136974.ref015]\]; it has been postulated that obesity may account for approximately 20% of all cancer cases \[[@pone.0136974.ref016]\]. The spectrum of obesity-related cancer may span colon \[[@pone.0136974.ref017]\], endometrial \[[@pone.0136974.ref018]\], postmenopausal breast \[[@pone.0136974.ref016]\], renal \[[@pone.0136974.ref015], [@pone.0136974.ref016]\], esophageal \[[@pone.0136974.ref015]\], thyroid \[[@pone.0136974.ref015], [@pone.0136974.ref016]\], prostate \[[@pone.0136974.ref019]\] cancer and hematological malignancies \[[@pone.0136974.ref020]\], whereas a recent meta-analysis performed by our team highlighted the association between obesity and melanoma among males \[[@pone.0136974.ref021]\]. Nevertheless, the association between obesity and CNS tumors remains rather obscure, given that CNS tumors are rather uncommon and individual studies have yielded mutually conflicting results. Recently, a meta-analysis focused especially on meningioma, synthesizing data from six studies \[[@pone.0136974.ref022]\]; the authors concluded that being obese, but not overweight, was associated with increased risk for meningioma, especially among females.

To our knowledge, however, no effort has been undertaken till now, to quantitatively synthesize all published cohort and case-control studies, in order to evaluate the potential association between glioma, or overall brain/CNS tumors and obesity.

In view of the former considerations, our aim was to comprehensively examine the association between obesity and risk for brain/CNS tumors, glioma as well as meningioma in adults, synthesizing all available evidence. Separate analyses were conducted in males and females, in order to evaluate potential sex-specific discrepancies.

Materials and Methods {#sec006}
=====================

Search algorithm and eligibility of studies {#sec007}
-------------------------------------------

This meta-analysis was performed in line with the PRISMA guidelines. Eligible studies were identified in PubMed; no restriction regarding publication language was adopted and the end-of-search date was June 30, 2014. The details about the search algorithm are provided in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}.

Cohort and case-control studies that examined the association between BMI and risk of overall brain/CNS tumors, glioma or meninigioma were deemed eligible. A systematic search in the reference lists of eligible articles and relevant reviews for potentially eligible articles was performed ("snowball" procedure). In case of overlapping study populations the larger study was ultimately included. Two reviewers (TNS, TP) independently performed the selection of studies; in case of disagreement, the final decision was reached by team consensus.

Data extraction {#sec008}
---------------

The data extraction from eligible studies included: first author's name, publication year, journal where the study was published, type of study (cohort or case-control), study period including the follow-up, geographical region, age of subjects, adjustment factors in multivariable analyses. Specifically for case-control studies, the number, definition and eligibility criteria of cases and controls, as well as the matching factors were extracted. Regarding cohort studies, the cohort size and number of incident cases were abstracted. Two reviewers (IN-S, IGT) independently extracted the data and, in case of disagreement, final decision was reached by team consensus.

Regarding effect estimates, the maximally adjusted Odds Ratios (ORs) for case-control studies as well as the maximally adjusted Relative Risks (RRs) for cohort studies were abstracted, together with their Confidence Intervals (CIs) for each BMI category. Separate abstraction was undertaken for males and females. When the aforementioned information was not available, the data of 2x2 tables in the articles were used for the calculation of crude effect estimates and 95% CIs.

Letters were sent to the authors of studies which did not separately report relative risks pertaining to overweight and obese subjects, as well as to articles reporting exclusively on overall brain/CNS cancer, requesting the subgroup analyses on gliomas and meningiomas. The corresponding authors were contacted twice (a reminder e-mail was sent one week after the first e-mail).

Statistical analyses: meta-analysis {#sec009}
-----------------------------------

Being overweight was defined as BMI 25--30 kg/m^2^ and obesity was defined as BMI \>30 kg/m^2^. In this analysis, the term "study arms" refers to the various BMI categories presented in the included studies. The overweight and/or obese "study arms" were pooled, as appropriate. Apart from the overall pooling of overweight/obese subjects (vs. normal weight), subgroup analyses were performed for overweight and obese subjects. Separate models were constructed regarding overall brain/CNS tumors, meningiomas and gliomas, stratified by gender (females; males; study arms not distinguishing between the two sexes). The pooled effect estimate was calculated on the basis of random effects models (DerSimonian-Laird, with the estimate of heterogeneity being taken from the Mantel-Haenszel model). Cochran *Q* statistic and *I* ^*2*^ were used for the assessment of between-study heterogeneity \[[@pone.0136974.ref023]\]; nevertheless, in view of the limitations of I^2^ as an index \[[@pone.0136974.ref024], [@pone.0136974.ref025]\] the values of τ^2^ (tau\^2) were also provided.

Statistical analyses: dose-response meta-regression analysis {#sec010}
------------------------------------------------------------

Dose-response meta-regression analysis serves the investigation of the relationship between different BMI levels and the outcomes. A specific BMI value was allocated to each study arm according to the algorithm described by our previous meta-analysis \[[@pone.0136974.ref021]\]. Specifically, in case of category *a* to *b* the arithmetic mean was adopted. Regarding the upper, open ended categories (≥*a*), two alternative approaches were undertaken \[[@pone.0136974.ref021]\], namely: (i) the lower bound was multiplied by 1.2 (approach according to Berlin et al. \[[@pone.0136974.ref026]\]) and (ii) the formula *a* ~*n*~+ (*a* ~*n*~ *---a* ~*n-1*~) was implemented (approach according to Il'yasova et al. \[[@pone.0136974.ref027]\]), where *a* ~*n*~ stands for the open-ended category threshold (\>*a* ~*n*~) and *a* ~*n-1*~ pertains to the immediately lower category (*a* ~*n-1*~ *to a* ~*n*~). During pooling of study arms, the values according to the approach by Berlin et al. \[[@pone.0136974.ref026]\] were preferred, because this algorithm allocates values of upper bounds to a greater number of study arms versus that by Il'yasova et al. \[[@pone.0136974.ref027]\]. As described in our previous meta-analysis \[[@pone.0136974.ref021]\], the latter algorithm cannot allocate values when the *n-1* category is open, as is the case in studies adopting a binary categorization.

At the meta-regression analysis, the log of the study effect estimates was set as the dependent variable in a general linear model. BMI was analyzed in increments of 5 kg/m^2^ \[[@pone.0136974.ref021]\]; we present the exponentiated slope coefficient from the linear regression. Both alternative analyses (approaches by Berlin et al. \[[@pone.0136974.ref026]\] and Il'yasova et al. \[[@pone.0136974.ref027]\]) were presented. All analyses were performed using Stata/SE version 13 (Stata Corp, College Station, TX, USA).

Risk of bias {#sec011}
------------

The Newcastle-Ottawa Quality scale \[[@pone.0136974.ref028]\] was used for the evaluation of quality regarding the included studies. With respect to longitudinal cohort studies, the cut-off value was *a priori* set at 5 years regarding the desirable length of follow-up, whereas the cut-off value for completeness of follow-up was set at 85%. The studies were rated by two independent reviewers (IN-S and IGT); in case of disagreements, final decision was reached by team consensus.

Concerning the assessment of publication bias, the overall (overweight and obese pooled together) pooling analyses in males and females were chosen, in order to maximize the power of the relevant tests \[[@pone.0136974.ref023]\]. The Egger's \[[@pone.0136974.ref029]\] formal statistical test was adopted; for the interpretation of Egger's test, statistical significance was defined as p\<0.1.

Results {#sec012}
=======

Selection and description of eligible studies {#sec013}
---------------------------------------------

[Fig 1](#pone.0136974.g001){ref-type="fig"} presents the flow chart describing the successive steps during the selection of eligible studies. A total of 1,282 abstracts were identified and screened; all details regarding the selection of eligible studies are presented in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}.

![Flow chart describing the successive steps during the selection of eligible studies.](pone.0136974.g001){#pone.0136974.g001}

Taken as a whole, 14 cohort studies \[[@pone.0136974.ref007], [@pone.0136974.ref030]--[@pone.0136974.ref042]\] including 10,219 incident brain/CNS tumor cases \[[@pone.0136974.ref007], [@pone.0136974.ref030], [@pone.0136974.ref031], [@pone.0136974.ref037]--[@pone.0136974.ref040], [@pone.0136974.ref042]\], 1,319 incident meningioma cases \[[@pone.0136974.ref007], [@pone.0136974.ref031], [@pone.0136974.ref033]--[@pone.0136974.ref035], [@pone.0136974.ref041]\], 2,418 incident glioma cases \[[@pone.0136974.ref007], [@pone.0136974.ref031], [@pone.0136974.ref032], [@pone.0136974.ref035], [@pone.0136974.ref036], [@pone.0136974.ref041]\], in a total cohort size of 10,143,803 subjects ([Table 1](#pone.0136974.t001){ref-type="table"}) and eight case-control studies \[[@pone.0136974.ref043]--[@pone.0136974.ref050]\] including 1,009 brain/CNS cases, 1,977 meningioma cases, 1,265 glioma cases and 8,316 controls ([Table 2](#pone.0136974.t002){ref-type="table"}) were included in the present meta-analysis. The dataset of the study is available in "[S1 Dataset](#pone.0136974.s002){ref-type="supplementary-material"}" and the PRISMA Checklist in "[S1 Checklist](#pone.0136974.s001){ref-type="supplementary-material"}".

10.1371/journal.pone.0136974.t001

###### Characteristics of the included cohort studies.
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  Study (year)      Cohort size   Brain/CNS cancer cases   Meningioma cases   Glioma cases                      Follow-up (years, median or mean)   Study period                                                     Region                                                                                                                                                                                                                                                                        Age range   Cohort Characteristics                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Definition of glioma, meningioma and brain/CNS tumors in cohort                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Type of ascertainment of BMI                                                                                                                                                                                                                          Adjusting factors
  ----------------- ------------- ------------------------ ------------------ --------------------------------- ----------------------------------- ---------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Wolk (2001)       28,129        66 (brain)               0                  0                                 10.3                                1965--31 December 1993                                           Sweden                                                                                                                                                                                                                                                                        \> = 18     All patients recorded in the Inpatient Register of the National Board of Health and Wellfare with a discharge diagnosis of obesity were initially included, rendering a total of 36,159 unique IDs. 4,799 records were excluded from the cohort due to erroneous or incomplete national registration numbers or inconsistencies discovered during record linkage. Another 1,013 patients with prevalent cancer and 200 patients with cancers that occurred in the first year of follow up were excluded to minimize the possible selection and detection biases. 127 cancer cases diagnosed after death were also excluded due to differences in autopsy rates between hospitalized patients with obesity and the general population.                                                                                                                                                                                                                                                                                                            Diagnosis stated in the Inpatient Register of the National Board of Health and Wellfare.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Diagnosis stated in the Inpatient Register of the National Board of Health and Wellfare. Men were classified as obese when their BMI was higher than 30 kg/m^2^ whereas women were classified as obese when their BMI was higher than 28.6 kg/m^2^.   Age, calendar year (inherent adjustments in SIR-Standardized Incidence Ratio))
  Calle (2003)      900,053       1655 (brain)             0                  0                                 16                                  1982--31 December 1998                                           USA, District of Columbia, Puerto Rico                                                                                                                                                                                                                                        \> = 30     Families that had at least one member aged 45 years or older, from the participants of the Cancer Prevention Study II. Participants completed a confidential, mailed questionnaire in 1982. Participants whose values for height and weight in the questionnaire were missing, whose weight one year before the interview was unknown or who had lost more than 4.5 kg that last year were excluded from the study. Also participants with a below normal weight according to WHO guidelines, cancer (other than non-melanoma skin cancer) at base line and those missing information on race or smoking history were also excluded.                                                                                                                                                                                                                                                                                                                                                                                                             Fatal cases; for deaths occurring before September 1988 information were ascertained by means of personal inquiries made by volunteers in September 1984, 1986 and 1988. The deaths occurring after September 1988 (93% of all deaths) were ascertained by linkage with the National Death Index.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       Information from confidential mailed questionnaire.                                                                                                                                                                                                   Age, education, smoking status, and number of cigarettes smoked, physical activity, alcohol use, marital status, race, aspirin use, estrogen replacement therapy (in women), fat consumption and vegetable consumption
  Jhawar (2003)     121700        0                        125                0                                 9.97                                1976--1996                                                       11 US states enrolled in the NHS (Nurses Health Study) cohort                                                                                                                                                                                                                 30--55      Nurses' Health Study cohort; all participants were women nurses who completed baseline questionnaires regarding risk factors for cancer, cardiovascular disease, and a variety of other health conditions. Since enrollment, these women have been followed up by means of biennial mailed questionnaires, updating exposure information and onset of newly diagnosed disease. At each follow-up interval all women who reported having any cancer other than nonmelanoma skin cancer were excluded from subsequent analyses.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    Self-reported diagnosis of meningioma on the supplemental questionnaire or medical record                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Self reported, updated at each follow-up interval, height and weight information was used to calculate and re-calculate the BMI                                                                                                                       Age, menopausal status, and PMH use
  Samanic (2004)    4,500,700     4356 (brain)             0                  0                                 12                                  1 July 1969--30 September 1996                                   USA                                                                                                                                                                                                                                                                           \> = 18     All US veterans with at least one hospital visit and one year of follow up were at first deemed eligible. Men of a race different than black or white and women in general were excluded from the analysis due to small numbers.Also excluded were individuals whose race could not be determined (n = 62,622), individuals with discrepant records (n = 887) and individuals whose age at cohort entry was less than 18 or greater than 100 (n = 3,003)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Diagnosis of cancer according to the ICD8-A or ICD9-CM from computerized discharge records for inpatients visits at Veterans Affairs hospitals across the US. Cancers diagnosed during the first hospital visit, within the first year of the beginning of follow-up or within a year from the diagnosis of obesity were excluded from the analysis.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    A discharge diagnosis of obesity (ICD8 = 277 or ICD9 = 278.0) during any visit.                                                                                                                                                                       Age, calendar year
  Oh (2005)         781,283       234 (brain)              0                  0                                 10                                  1992--31 December 2001                                           Korea                                                                                                                                                                                                                                                                         \> = 20     Civil servants, private school workers and their dependants, who were members of the Korean National Health Insurance Corporation (KNHIC) and for whom a general health status examination is obligatory by law every 2 years. Of the possible patients men who were aged 20 years or older and had medical examination in 1992 were selected. Patients who did not respond to questionnaires or had a previous cancer were excluded.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            Diagnosis of cancer including histological type were obtained from the Korea Central Cancer Registry, using each individual's personal identification number. Where such data were not available data were obtained from the KNHIC as well. Some of the 9.1% of the cancer patients additionally identified through the KNHIC data, might have been caused either by false registration of noncancer patients or failure of real patient registration in the KCCR. Of these discrepant cancer patients, only those whose cancer was confirmed by medical bills or reports some form of treatment, or death certificates were included in the analyses. In the cases of death, multiple cancers, and others, patients were censored at the time of the first occurrence.                                                                                                 Data on weight and height were collected by direct measurements at medical institutions equipped with facilities and staff approved by the regulations defined by the KNHIC.                                                                          Age, smoking status, average amount of alcohol consumed per day, frequency of regular exercise for more than thirty minutes during a week, family history of cancer, residency area at baseline.
  Samanic (2006)    362,552       918 (brain)              0                  0                                 19                                  1971--31 December 1999                                           Sweden                                                                                                                                                                                                                                                                        \> = 18     Workers registered in the health examination database of the Swedish Foundation for Occupational Safety and Health of the Construction Industry, between 1971 and 1992 comprised the cohort population. Women were excluded from the study due to small numbers. Also excluded were male workers with indeterminate dates of emigration or baseline examination, men with missing baseline height or weight measurements, and men younger than 18 or older than 67 years of age at baseline examination.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Linkage to the population based Swedish cancer registry via the national registration number.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           Weight and height data from the baseline examination.                                                                                                                                                                                                 Attained age, attained calendar year, smoking status
  Holick (2007)     237794        0                        0                  296                               15.43                               1980--2003                                                       The Health Professionals Follow-Up Study (HPFS), the Nurses' Health Study I (NHS I), and NHS II, USA                                                                                                                                                                          25--75      Nurses' Health Study I; female nurses returned a mailed questionnaire that assessed information on lifestyle factors and medical and smoking histories. Similarly, the Health Professionals Follow-Up Study (HPFS) is a cohort of 51 529 US male physicians, dentists, optometrists, osteopaths, podiatrists, pharmacists, and veterinarians who were 40--75 y of age at enrollment in 1986. The study design and methods of dietary assessment and follow-up for the Nurses' Health Study II (NHS II) are very similar to those of NHS I. In 1989, 116 686 women aged 25--42 y and living in 14 US states were enrolled into the NHS II. Participants who reported a history of cancer other than nonmelanoma skin cancer and those with missing information on diet at baseline were excluded.                                                                                                                                                                                                                                                 On each biennial questionnaire, the participants were asked whether they had been diagnosed with any form of cancer. When permission was received from the case subjects (or next of kin for decedents), medical records and pathology reports were obtained from hospitals and reviewed by study investigators, who were blinded to questionnaire exposure information. Medical records were requested for reported and deceased glioma cases;88% of glioma diagnoses were confirmed by medical records. When the researchers were unable to obtain medical records, they attempted to corroborate diagnoses of glioma with additional information from the participant, next of kin, by death certificate, or by cross-linking with cancer registries. They only included case subjects for whom a medical record or other confirmation of the cancer was obtained.   Self administered questionnaire                                                                                                                                                                                                                       None
  Benson (2008)     1249670       1563 (CNS/brain)         390                646                               6.2                                 May 1996--31 December 2005                                       UK                                                                                                                                                                                                                                                                            50--65      Million Women Study; women completed a recruitment questionnaire about reproductive factors, sociodemographic factors, and other personal characteristics.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       All study participants have been flagged on the National Health Service central registers, so that tumour registrations (benign and malignant) and deaths are routinely notified to the study investigators. Incident central nervous system tumours were included from the following sites: ICD-10 C70, C71, C72.0, C75.1--3, D32, D33, D35.2--4, D42, D43, and D44.3--5. Incident cases of glioma, morphology codes ICD-O 9380--9481, and meningioma, morphology codes ICD-O 9530--9539, were identified within these sites.                                                                                                                                                                                                                                                                                                                                          Recruitment questionnaire                                                                                                                                                                                                                             Height (cm), strenuous exercise, socioeconomic level, smoking, alcohol intake (g/day), parity, age at first birth (years), oral contraception use duration
  Moore (2009)      499437        0                        0                  480                               8.2                                 1995---December 2003                                             Six states (California, Florida, Pennsylvania, New Jersey, North Carolina, and Louisiana) and two metropolitan areas (Atlanta, Georgia and Detroit, Michigan), USA                                                                                                            50--71      NIH-AARP Diet and Health Study; AARP members completed the questionnaire satisfactorily. In late 1996, 334,908 participants responded to a second questionnaire that was mailed to those still living in a study area and having no prevalent cancer of the colon, breast, or prostate. Of the 566,402 baseline questionnaire respondents, participants whose questionnaires were completed by proxy respondents (n = 15,760) or who had a previous diagnosis of cancer (n = 51,205) were excluded. After exclusions, the analytic cohort consisted of 499,437 participants, including 305,681 persons who completed the second questionnaire.                                                                                                                                                                                                                                                                                                                                                                                                   Incident, first primary brain cancer cases (ICD-10 Edition codes C710-C719 were identified by linking the cohort with eight state cancer registries serving the cohort and three additional states (Arizona, Nevada, and Texas). Gliomas were defined as malignant brain neoplasms with microscopically confirmed ICD-O-3 histology codes between 9380 and 9480. An alternative definition was also examined; using ICD-O-3 codes 9380 to 9460, but the number of cases was the same; therefore, results were identical.                                                                                                                                                                                                                                                                                                                                                Self reported weight and height in questionnaires                                                                                                                                                                                                     Age at baseline, age-squared, gender, race, highest attained level of education, marital status, physical activity during the past 10 years, adult height, BMI at age 18 years
  Parr (2010)       401,215       191 (CNS/brain)          0                  0                                 4                                   1961-NR                                                          Asia, Australia, New Zealand                                                                                                                                                                                                                                                  \> = 20     Eligible studies had a study population from the Asia-Pacific region, a prospective cohort study design, at least 5000 person-years of follow up, baseline recordings of date of birth (or age), sex and blood pressure, date of death or age at death recorded during follow up. Studies were classified as Asian if participants were recruited from mainland China, Hong Kong, Taiwan, Japan, South Korea, Singapore, or Thailand and as ANZ if participants were from Australia or New Zealand. Studies were excluded if participant entry was dependant on a particular condition or risk factor. Of the 575,458 participants of 20 years or older in the included cohorts, 26% were excluded because of missing follow up for cancer mortality, missing BMI values, or a reported BMI of less than 12 kg/m^2^ or greater than 60 kg/m^2^. Baseline data on height and weight (or BMI) and at least one cancer event were available from 39 cohorts in the APCSC database. Individuals with less than 3 years of follow up were excluded.   Fatal cases; cancer mortality was classified according to the ninth or tenth revision of the International Classification of Diseases (ICD-9 or ICD-10). ICD-7 codes reported by some of the studies were recorded into version 9 or 10 by the project secretariat. Five small studies did not use ICD codes. These studies contributed less than 5% of all cancer deaths, most of which (\>80%) were grouped into a category for other or unspecified sites and included in the analysis of all cancer, or included in specified categories by the project secretariat using all available information. Summary reports were referred back to principal investigators of each collaborating study for review and confirmation. Histological subtypes were not available in the APCSC.                                                                                  Baseline data on height and weight (or BMI) were available from 39 cohorts in the APCSC database.                                                                                                                                                     Age, smoking status
  Johnson (2011)    27791         0                        125                0                                 10.47                               1986--2004                                                       Iowa, USA                                                                                                                                                                                                                                                                     55--69      Iowa Women's Health Study cohort; In 1986, a questionnaire was mailed to women who were randomly selected from Iowa driver's license files; 41,836 women returned the questionnaire (response rate, 42.7%). All women who never enrolled in both Part A (includes inpatient care in hospitals and nursing homes) and Part B (outpatient care, which has detailed claims data available starting in 1992) of Medicare for at least 1 month on or after 1 January 1993 (n = 3014) were excluded. Women who did not complete the 1992 questionnaire (n = 8819), because it contained many items used in this analysis were also excluded. Finally, women with a meningioma in Medicare claims before 1993 (n = 46) or any history of cancer or cancer chemotherapy as reported on the 1986 or 1992 questionnaires or through linkage to the Iowa SEER Cancer Registry through 1992 (n = 6723) were also excluded.                                                                                                                                   Incident meningiomas in the cohort were identified by linkage to Medicare files; meningioma cases were identified from Medicare data by using the ICD-9 Revision, codes 192.1, 192.3, 225.2, 225.4, and 237.6 (neoplasms of the cerebral or spinal meninges). To be classified as a case, the authors required at least 1 of the diagnosis codes from the MedPAR (hospital) file or any 2 diagnoses \>30 days apart in the carrier or outpatient files.                                                                                                                                                                                                                                                                                                                                                                                                                 Self reported via questionnaire                                                                                                                                                                                                                       Age
  Michaud (2011)    380775        0                        203                340                               8                                   1992--2004                                                       Turin, Italy; Cambridge, United Kingdom; Bilthoven, Utrecht, the Netherlands; Florence, Varese, Ragusa, and Naples, Italy; Granada, Norway, Navarra, San Sebastian, Asturias and Murcia, Spain; Oxford, United Kingdom; Malmo, Umea, Sweden; Aarhus and Copenhagen, Denmark   35--70      European Prospective Investigation into Cancer and Nutrition (EPIC) cohort; France was not included in the study as there were insufficient data to distinguish histology of the brain tumor at the time of the analysis. Prevalent cancers at recruitment (except for nonmelanoma skin cancer) and individuals with no follow-up data (n = 27,082) were excluded.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Incident cases were identified through linkage to population cancer registries in Denmark, Italy, the Netherlands, Norway, Spain, Sweden, and the United Kingdom, or with a combination of methods including linkage to health insurance records, cancer and pathology registries, and active follow-up of study participants or their next of kin in France, Germany, and Greece. All primary incident cases diagnosed with glioma (coded using International Classification of Diseases- Oncology \[ICD-O\] second edition: 9380--9460, 9505) or meningioma (ICD-O-2 codes 9530--9537) through the end of follow-up were included. Two of the 5 centers in Spain did not record data on benign tumors and reported no meningioma cases.                                                                                                                               Standardized questionnaires, anthropometric data measured at baseline; self reported measures corrected for bias                                                                                                                                      Age, country, sex, education
  Edlinger (2012)   578,462       1236 (brain)             338                410 (high grade) 98 (low grade)   10                                  1972--2003 (Austria); 1972--2005 (Norway); 1972--2006 (Sweden)   Austria, Norway, Sweden                                                                                                                                                                                                                                                       15--99      Participants in the Metabolic Syndrome and Cancer Project (Me-Can), where information was gathered from the participants of seven population-based cohorts in Austria, Norway and Sweden. Each individual's baseline data were taken from the first (or only) health examination with complete or near complete data.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            Benign as well as malignant tumors were included in the study with the corresponding ICD-7 code 193 for all tumors. Nationwide cancer registries and cause of death registries were used to identify participants who developed cancer. Benign as well as malignant tumors were included. The starting point of the follow up was 1 year after baseline.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Baseline data were collected on height, weight from the first (or only) health examination with complete or near complete data.                                                                                                                       Sex, birth year (in decades), baseline age, smoking status
  Wiedmann (2013)   74242         0                        138                148                               23.5                                1984--2008                                                       Nord--Trøndelag County, Norway                                                                                                                                                                                                                                                \> = 20     Nord--Trøndelag Health Study (HUNT Study), a general health survey. Among 85 100 eligible persons, 77 310 (90.8%) returned the questionnaire that was mailed with the invitation (questionnaire 1). A total of 74 977 (88.1%) participants attended the subsequent physical examination that included standardised measurements of height and weight. At the examination, participants received a second questionnaire, including items on life-style factors and medical history, which was to be filled in at home and returned in a prestamped envelope. Information on BMI was available in 74 339 (87.4%) participants. Among these, 72 were excluded because of prevalent primary CNS tumours and 25 because of missing follow-up data. Thus, 74 242 (87.4%) individuals constituted the study population; patients with CNS tumours other than the ones that were considered as end points in the analysis were excluded at the statistical analysis.                                                                                     Linkage at the Cancer Registry of Norway. Subgroups of CNS neoplasms were defined using ICD-O-3 histology codes (International Classification of Diseases for Oncology, Third Edition) 9380--9480 for gliomas, 9530--9539 for meningiomas.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Standardised measurements of height and weight were performed at the baseline clinical examination and BMI was calculated                                                                                                                             Age and in combined models sex

NR: not reported, NA: Not Applicable

10.1371/journal.pone.0136974.t002

###### Characteristics of the included case-control studies.
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  Study (year)         Brain/CNS cancer cases   Meningioma cases   Glioma cases   Number of controls   Study period                        Region                                                                                                                                                                                                                                                                                                     Age range   Definition/features of Cases                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Definition of Controls                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Matching factors                                      Type of ascertainment of BMI                                                                                                                                                               Adjusting factors
  -------------------- ------------------------ ------------------ -------------- -------------------- ----------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pan (2004)           1009                     0                  0              5039                 1994--1997                          The Canadian provinces of Alberta, British Columbia, Manitoba, Newfoundland, Nova Scotia, Ontario, Prince Edward Island and Saskatchewan.                                                                                                                                                                  20--76      Subjects participating in the National Enhanced Cancer Surveillance System (NECSS) with a newly diagnosed, histologically confirmed primary cancer, who after the consent of their physician were sent a questionnaire via mail or a later telephone interview if so needed.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 The NECSS used frequency matching to the overall case group with similar age and sex distributions in the selection of population controls, so that there would be at least one control for every case within each sex and 5-year age group for any specific cancer site within each province. The sampling strategy for control selection varied by province depending on data availability, data quality (completeness and timeliness), and the confidentiality restrictions of provincial databases.                                                                                                                                                                                                                                                                                                                                                              Age, gender                                           Data on weight and height from questionairre                                                                                                                                               5-year age group, province of residence, education, pack-years of smoking, alcohol drinking, total caloric intake, vegetable intake, dietary fiber intake, and recreational physical activity, for women adjustment was made also for: menopausal status, number of livebirths, age at menarche, and age at end of first pregnancy
  Custer (2006)        0                        143                0              286                  January 1, 1995 and June 30, 1998   King, Pierce and Snohomish counties of western Washington State, USA                                                                                                                                                                                                                                       \> = 18     Cases with incident intracranial meningioma, histologically confirmed were identified using the National Cancer Institute\'s Surveillance, Epidemiology, and End Results program for King, Pierce and Snohomish counties of western Washington State.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        Using random-digit dialing or Medicare eligibility lists, two controls for each case were recruited.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Gender, age within 5 years, and county of residence   Structured in-person interview and questionnaire                                                                                                                                           Age, education
  Lee (2006)           0                        219                0              260                  1987--1993                          Chicago, IL, USA                                                                                                                                                                                                                                                                                           NR          Females diagnosed with histologically confirmed incident meningioma were identified from three medical institutions, using medical records: Chicago Institute of Neurosurgery and Neuroscience (CINN), University of Illinois Medical Center (UIC) and Loyola University Medical Center (LUMC). Questionnaires were sent to all study subjects. Of 341 cases to whom letters were mailed, 87 could not be included, leaving a total of 254 available to complete the questionnaire. Reasons for these 87 exclusions were as follows: 22 were dead, 9 were too ill to respond, 11 did not know English, 1 did not live in the United States and 41 had undeliverable addresses. Since the focus was on hormonal factors, another 3 cases were excluded because the meningioma was diagnosed within a year of the initiation of menses. Cases were additionally excluded as they refused to participate, did not respond, or had a poor quality of response.   Female spouses of male back pain patients were targeted as controls. All male back pain patients from clinics in these same institutions whose medical records indicted that they were married at the time of their treatment were selected from the same year as the cases. A total of 647 male, married, back pain patients were contacted. Once contacted, 302 were not eligible for the following reasons: 124 back pain patients did not have female partners, 46 were dead, 15 were too ill to respond, 38 did not know English, 6 did not live in the United States, and 73 had undeliverable addresses. Of the 345 remaining potential controls, 260 returned completed questionnaires after 3 mailings and a telephone follow-up. Controls were additionally excluded as they refused to participate, did not respond, or had a poor quality of response.   Referral population                                   Self administrated questionnaires; telephone interviews based on the same questionnaires; the questionnaire was pilot tested in a clinic of one of the collaborating institutions (CINN)   None
  Aghi (2007)          0                        32                 32             32                   2001--2005                          Massachusetts, USA                                                                                                                                                                                                                                                                                         NR          Male patients who underwent initial craniotomy for benign meningiomas or high-grade gliomas at Massachusetts General Hospital; patients were identified and records obtained from searching both a departmental computerized database and hospital computerized records. Five patients with multiple meningiomas were excluded from the analysis. Meningioma and high-grade glioma diagnoses were confirmed on histological analysis of permanent sections of surgical specimens.                                                                                                                                                                                                                                                                                                                                                                                                                                                                            From the same two databases, control subjects, men undergoing initial craniotomy for unruptured aneurysms during the same time period, were identified.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Year of surgery (gliomas); none (meningiomas)         BMI was calculated using the information obtained during routine preoperative patient testing with the same calibrated weighing scale and ruler for each patient                           None
  Cabaniols (2011)     0                        0                  122            59                   January-December 2005               Marseille and the Sainte Anne's hospitals of Toulon, France                                                                                                                                                                                                                                                \> = 18     Patients of at least 18 years of age, with residence within the administrative region of Provence-Alpes-Cote d' Azur (PACA) with a diagnosis of previously untreated glioma grades II to IV according to the WHO classification criteria, who had provided a fully informed consent and have agreed to fill in the given questionnaire. Pilocytic astrocytomas (WHO grade I) were excluded from the study since they mainly concern pediatric population, also excluded were cases of recurrence of previous malignant primitive brain tumors.                                                                                                                                                                                                                                                                                                                                                                                                               Controls were residents of the administrative region of PACA, hospitalized for reasons unrelated to cancer (namely herniated intervertebral disk, intracranial aneurysm, neurosurgical traumatism requiring surgery and epidural hematoma) and selected randomely from the neurosurgical department of the hospital.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 Age, sex                                              Standardized, structured questionnaire data on size and weight were used to calculate each patients BMI.                                                                                   Age, sex
  Claus (2013)         0                        1127               0              1092                 May 1 2006---October 6 2011         Connecticut, Massachusetts, and North Carolina as well as the California counties of Alameda, San Francisco, Contra Costa, Marin, San Mateo, and Santa Clara and the Texas counties of Brazoria, Fort Bend, Harris, Montgomery, Chambers, Galveston, Liberty, and Waller counties of Texas, USA            20--79      Histologically confirmed intracranial meningioma; female patients were identified through the Rapid Case Ascertainment systems and state cancer registries of the respective sites; Six hundred ninety-six patients were ineligible due to out-of-state residency (n = 48), language (n = 74), recurrent meningioma (n = 84), incarceration (n = 3), age (n = 50), spinal meningioma (n = 148), pathology unavaiable for review (n = 75), mental or medical (for example, deafness) illness (n = 110), death (cause of death other than meningioma) (n = 79), another pathology (for example, lung metastasis) (n = 16), or other reason (n = 9).                                                                                                                                                                                                                                                                                                            Control individuals were selected by random-digit dialing by an outside consulting firm (Kreider Research). Individuals were English- or Spanish-language speaking. One hundred ten control individuals were ineligible due to out-of-state residency (n = 6), language (n = 8), a history of brain tumor of unknown pathology (n = 8), age group (n = 1), mental or medical illness (n = 70), death (n = 3), or other reason (n = 14).                                                                                                                                                                                                                                                                                                                                                                                                                              5-year age interval, sex, and state of residence      Consent forms and questionnaire                                                                                                                                                            age, race, education, menopause status, age at menopause, age at menarche, number of full-term pregnancies, age at first live birth, ever use of oral contraceptives, ever use of hormone replacement therapy, ever use of fertility meds, smoking, alcohol use, breastfeeding
  Little (2013)        0                        0                  1111           1096                 December 2004---June 2012           Southeastern United States \[Southeastern United States including Vanderbilt University Medical Center (Nashville, TN), Moffitt Cancer Center (Tampa, FL), University of Alabama at Birmingham (Birmingham, AL), Emory University (Atlanta, GA), and the Kentuckiana Cancer Institute (Louisville, KY)\]   25--92      Recent (within 3 months) primary diagnosis of glioma. Glioma cases were identified in neurosurgery and neuro-oncology clinics in the Southeastern United States.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Controls were identified from white page listings. An estimated 50% of contacted eligible households yielded a participating control.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Age, gender, race, and state of residence             Self-reported weight and height, reliability check of responses                                                                                                                            Age, race, education, state of residence, and in combined models, gender
  Schildkraut (2014)   0                        456                0              452                  May 1 2006 --October 9 2012         Connecticut, Massachusets, and North Carolina, as well as the Alameda San Fransisco, Contra Costa, Marin, San Mateo, and Santa Clara counties of California, and the Brazoria, Fort Bend, Harris, Montgomery, Chambers, Galveston, Liberty and Waller counties of Texas, USA                               20--79      Male patients with a histologically confirmed intracranial meningioma, speaking English or Spanish. Study patients with previous meningioma and/or a brain lesion of unknown type were excluded. Identification was made through the Rapid Case Ascertainment Systems and the respective states' cancer registries. 63% of the eligible cases participated in the interview. A total of 756 cases were ineligible due to out of state residency (n = 47), language (n = 82), recurrent meningioma (n = 85), incarceration (n = 3), age (n = 50), spinal meningioma (n = 154), pathological specimen unavailable for review (n = 80), mental or medical illness (n = 130), death (n = 97), another pathology (such as lung metastasis, n = 18) or other (n = 10). An additional 1127 cases were excluded because they were females.                                                                                                                           Control individuals were selected by an outside consulting firm (Kreider) using random digit dialing. 50% of the eligible controls participated in the interview. Among them 124 were ineligible due to out of state residency (n = 6), language (n = 8), a history of previous brain tumor of unknown pathology (n = 9), age group (n = 3) mental or medical illness (n = 79), death (n = 4) or other (n = 15) An additional 1902 controls were excluded because they were females.                                                                                                                                                                                                                                                                                                                                                                                 Age, race                                             Telephone interview                                                                                                                                                                        Age, race

NR: not reported

Meta-analysis: brain/CNS tumors {#sec014}
-------------------------------

The middle panels of [Table 3](#pone.0136974.t003){ref-type="table"} present the results of the meta-analyses regarding the association between being overweight/obese and risk of overall brain/CNS tumors. Overweight status/obesity was associated with increased risk for brain/CNS tumors among females (pooled RR = 1.12, 95%CI: 1.03--1.21, 10 study arms, I^2^ = 12.8%, [Fig 2](#pone.0136974.g002){ref-type="fig"}), with the association being evident in the subset of cohort studies (pooled RR = 1.13, 95%CI: 1.03--1.24, eight study arms, I^2^ = 24.4%). The positive association was mainly due to the obese female subjects, as increased brain/CNS tumor risk was observed among them (pooled RR = 1.19, 95%CI: 1.05--1.36, six study arms, I^2^ = 17.8%, Fig A in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}).

![Forest plot describing the association between overweight status/obesity and brain/CNS tumor risk among females.\
Apart from the overall analysis, the subanalyses on cohort (upper panels) and case-control (lower panels) studies are presented.](pone.0136974.g002){#pone.0136974.g002}

10.1371/journal.pone.0136974.t003

###### Results of the meta-analyses examining the association between obesity and risk brain/CNS tumors, meningiomas and gliomas.

Bold cells denote statistically significant associations.
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                                                  Overweight and obese pooled together   Overweight              Obese                                                                                                                                           
  ------------------------------------- --------- -------------------------------------- ----------------------- ----------------------- ----------------------- ----------------------- ----------------------- ----------------------- ----------------------- -----------------------
  **Brain/CNS tumors**                  Females   10                                     **1.12 (1.03--1.21)**   12.8%, 0.325, 0.002     4                       1.07 (0.98--1.17)       0.0%, 0.672, \<0.0001   6                       **1.19 (1.05--1.36)**   17.8%, 0.298, 0.005
  *Cohort studies*                      8         **1.13 (1.03--1.24)**                  24.4%, 0.235, 0.0041    3                       1.08 (0.99--1.19)       0.0%, 0.583, \<0.0001   5                       **1.19 (1.01--1.40)**   33.7%, 0.196, 0.0116    
  *Case-control studies*                2         1.04 (0.84--1.29)                      0.0%, 0.450, \<0.0001   1                       Only one study          NC                      1                       Only one study          NC                      
                                                                                                                                                                                                                                                                 
  Males                                 14        1.01 (0.94--1.08)                      12.1%, 0.321, 0.0022    6                       1.01 (0.93--1.10)       0.0%, 0.596, \<0.0001   8                       1.01 (0.87--1.17)       36.1%, 0.141, 0.0144    
  *Cohort studies*                      12        0.99 (0.91--1.08)                      20.3%, 0.244, 0.0043    5                       1.00 (0.92--1.10)       0.0%, 0.485, \<0.0001   7                       1.00 (0.84--1.18)       40.9%, 0.119, 0.0189    
  *Case-control studies*                2         1.08 (0.91--1.27)                      0.0%, 0.760, \<0.0001   1                       Only one study          NC                      1                       Only one study          NC                      
                                                                                                                                                                                                                                                                 
  Study arms not distinguishing sexes   7         1.09 (0.97--1.23)                      43.9%, 0.098, 0.0102    3                       1.01 (0.90--1.13)       0.0%, 0.758, \<0.0001   4                       1.19 (0.99--1.44)       53.1%, 0.094, 0.0186    
  *Cohort studies*                      5         1.09 (0.90--1.31)                      59.9%, 0.041, 0.0247    2                       0.96 (0.82--1.14)       0.0%, 0.910, \<0.0001   3                       1.19 (0.88--1.59)       68.7%, 0.041, 0.0432    
  *Case-control studies*                2         1.09 (0.96--1.24)                      0.0%, 0.394, \<0.0001   1                       Only one study          NC                      1                       Only one study          NC                      
  **Meningiomas**                       Females   16                                     **1.27 (1.13--1.43)**   35.7%, 0.078, 0.0188    9                       1.11 (0.99--1.25)       8.3%, 0.366, 0.0029     7                       **1.48 (1.28--1.71)**   0.0%, 0.546, \<0.0001
  *Cohort studies*                      10        **1.39 (1.17--1.64)**                  39.9%, 0.092, 0.0277    5                       1.19 (0.97--1.45)       27.1%, 0.241, 0.0145    5                       **1.60 (1.33--1.93)**   0.0%, 0.539, \<0.0001   
  *Case-control studies*                6         **1.15 (1.00--1.32)**                  10.4%, 0.349, 0.0032    4                       1.06 (0.91--1.24)       0.0%, 0.446, \<0.0001   2                       **1.33 (1.07--1.66)**   0.0%, 0.590, \<0.0001   
                                                                                                                                                                                                                                                                 
  Males                                 9         **1.58 (1.22--2.04)**                  27.2%, 0.202, 0.038     4                       1.39 (0.95--2.03)       29.0%, 0.238, 0.0457    4                       **1.78 (1.22--2.61)**   29.6%, 0.224, 0.0537    
  *Cohort studies*                      4         1.11 (0.74--1.64)                      0.0%, 0.757, \<0.0001   2                       1.03 (0.64--1.66)       0.0%, 0.603, \<0.0001   2                       1.30 (0.64--2.62)       0.0%, 0.427, \<0.0001   
  *Case-control studies*                5         **1.86 (1.40--2.48)**                  24.2%, 0.260, 0.0256    2                       **1.72 (1.22--2.42)**   0.0%, 0.320, \<0.0001   2                       **2.04 (1.22--3.42)**   51.4%, 0.128, 0.0995    
                                                                                                                                                                                                                                                                 
  Study arms not distinguishing sexes   6         **1.31 (1.12--1.53)**                  0.0%, 0.846, \<0.0001   3                       1.22 (0.98--1.50)       0.0%, 0.645, \<0.0001   3                       **1.44 (1.13--1.84)**   0.0%, 0.969, \<0.0001   
  *Cohort studies*                      6         **1.31 (1.12--1.53)**                  0.0%, 0.846, \<0.0001   3                       1.22 (0.98--1.50)       0.0%, 0.645, \<0.0001   3                       **1.44 (1.13--1.84)**   0.0%, 0.969, \<0.0001   
  *Case-control studies*                0         \-                                     \-                      0                       \-                      \-                      0                       \-                      \-                      
  **Gliomas**                           Females   6                                      **1.17 (1.03--1.32)**   0.0%, 0.757, \<0.0001   3                       **1.19 (1.02--1.38)**   0.0%, 0.611, \<0.0001   3                       1.13 (0.92--1.38)       0.0%, 0.472, \<0.0001
  *Cohort studies*                      4         **1.14 (1.00--1.29)**                  0.0%, 0.824, \<0.0001   2                       1.17 (0.99--1.37)       0.0%, 0.463, \<0.0001   2                       1.09 (0.88--1.34)       0.0%, 0.757, \<0.0001   
  *Case-control studies*                2         **1.48 (1.00--2.20)**                  0.0%, 0.675, \<0.0001   1                       Only one study          NC                      1                       Only one study          NC                      
                                                                                                                                                                                                                                                                 
  Males                                 6         0.96 (0.76--1.23)                      22.4%, 0.265, 0.0199    3                       1.03 (0.84--1.28)       0.0%, 0.383, \<0.0001   3                       0.81 (0.42--1.57)       49.5%, 0.138, 0.942     
  *Cohort studies*                      2         0.93 (0.67--1.28)                      0.0%, 0.364, \<0.0001   1                       Only one study          NC                      1                       Only one study          NC                      
  *Case-control studies*                4         0.90 (0.57--1.40)                      43.8%, 0.149, 0.0836    2                       1.14 (0.88--1.48)       0.0%, 0.568, \<0.0001   2                       0.44 (0.09--2.28)       57.0%, 0.127, 0.157     
                                                                                                                                                                                                                                                                 
  Study arms not distinguishing sexes   14        1.03 (0.94--1.14)                      0.0%, 0.556, \<0.0001   7                       1.02 (0.89--1.18)       17.6%, 0.296, 0.0062    7                       1.03 (0.87--1.22)       0.0%, 0.626, \<0.0001   
  *Cohort studies*                      11        1.01 (0.90--1.13)                      0.0%, 0.697, \<0.0001   5                       0.99 (0.86--1.15)       0.0%, 0.581, \<0.0001   6                       1.03 (0.86--1.23)       0.0%, 0.499, \<0.0001   
  *Case-control studies*                3         1.04 (0.78--1.40)                      45.7%, 0.158, 0.0317    2                       0.98 (0.57--1.68)       72.5%, 0.057, 0.1152    1                       Only one study          NC                      

^§^number of study arms; NC: not calculable

On the other hand, no association between overweight status/obesity and brain/CNS tumor risk was identified in males (pooled RR = 1.01, 95%CI: 0.94--1.08, 14 study arms, I^2^ = 12.1%, Fig B in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}). Subgroup analyses by overweight or obesity status replicated the null association (Fig C in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}).

In the instances where studies did not distinguish their findings by gender (referred to as "study arms which did not distinguish sexes"), the pooled analysis did not yield any statistically significant association regarding brain/CNS tumor risk (pooled RR = 1.09, 95%CI: 0.97--1.23, seven study arms, I^2^ = 43.9%, Figs D and E in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}). Most probably, this was due to the admixture of the two genders, with their differing profiles.

A *post hoc* sensitivity analysis including studies reporting exclusively on brain tumor risk (therefore excluding the study arms with collective reporting on "brain/CNS" as a whole) was hampered by the smaller number of eligible study arms; no significant associations were noted therein (Fig F in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}).

Meta-analysis: meningiomas {#sec015}
--------------------------

The middle panels of [Table 3](#pone.0136974.t003){ref-type="table"} present the results of the meta-analyses regarding the association between overweight status/obesity and risk of meningioma. Overweight status/obesity was associated with increased risk for meningioma among females (pooled RR = 1.27, 95%CI: 1.13--1.43, 16 study arms, I^2^ = 35.7%, [Fig 3](#pone.0136974.g003){ref-type="fig"}), with the association replicated both in the subset of cohort (pooled RR = 1.39, 95%CI: 1.17--1.64, 10 study arms, I^2^ = 39.9%) as well as case-control studies. Once again, the positive association could be mainly attributed to the obese female subjects, as increased meningioma risk was noted among them (pooled RR = 1.48, 95%CI: 1.28--1.71, seven study arms, I^2^ = 0.0%, Fig G in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}); once again the correlation was reproducible upon the subgroups of cohort as well as case-control studies. On the other hand, the overweight females presented only with a marginal trend towards increased risk for meningioma (pooled RR = 1.11, 95%CI: 0.99--1.25, p = 0.085, nine study arms, I^2^ = 8.3%, Fig G in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}).

![Forest plot describing the association between overweight status /obesity and meningioma risk among females,.\
Apart from the overall analysis, the subanalyses on cohort (upper panels) and case-control (lower panels) studies are presented.](pone.0136974.g003){#pone.0136974.g003}

The results among males were compatible with those among females. Overweight status/obesity was associated with increased risk for meningioma among males (pooled RR = 1.58, 95%CI: 1.22--2.04, nine study arms, I^2^ = 27.2%, [Fig 4](#pone.0136974.g004){ref-type="fig"}); however, the positive association appeared to be confined to the case-control studies. The positive association was mainly attributable to the subgroup of obese males (pooled RR = 1.78, 95%CI: 1.22--2.61, four study arms, I^2^ = 29.6%, Fig H in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}).

![Forest plot describing the association between overweight status /obesity and meningioma risk among males.\
Apart from the overall analysis, the subanalyses on cohort (upper panels) and case-control (lower panels) studies are presented.](pone.0136974.g004){#pone.0136974.g004}

As expected, the positive association between overweight status/obesity and meningioma risk was also noted during the pooling of the six study arms that did not distinguish between the two sexes (pooled RR = 1.31, 95%CI: 1.12--1.53, I^2^ = 0.0%, Fig I in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}).

Meta-analysis: gliomas {#sec016}
----------------------

The lower panels of [Table 3](#pone.0136974.t003){ref-type="table"} present the results of the meta-analyses regarding the association between overweight status/obesity and glioma risk. Being overweight or obese correlated with increased risk for glioma among females (pooled RR = 1.17, 95%CI: 1.03--1.32, six study arms, I^2^ = 0.0%, [Fig 5](#pone.0136974.g005){ref-type="fig"}), with the association spanning both the subsets of cohort (pooled RR = 1.14, 95%CI: 1.00--1.29, four study arms, I^2^ = 0.0%) as well as case-control studies. Statistical significance was achieved regarding overweight females (pooled RR = 1.19, 95%CI: 1.02--1.38, three study arms, I^2^ = 0.0%, Fig J-i in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}), whereas the association among obese females did not reach significance (pooled RR = 1.13, 95%CI: 0.92--1.38, I^2^ = 0.0%, Fig J-ii in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}); of note though only three study arms reported on the latter subgroup, denoting the scarcity of data.

![Forest plot describing the association between overweight status/obesity and glioma risk among females.\
Apart from the overall analysis, the subanalyses on cohort (upper panels) and case-control (lower panels) studies are presented.](pone.0136974.g005){#pone.0136974.g005}

Among males, there was no association between being overweight/obese and glioma risk (pooled RR = 0.96, 95%CI: 0.76--1.23, six study arms, I^2^ = 22.4%, Fig K in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}); the null pattern was reproduced at the subgroup analyses on cohort studies, case-control studies, overweight and obese subjects (Fig L in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}). The pooling of the 14 study arms that did not distinguish between the two sexes pointed to a null association (pooled RR = 1.03, 95%CI: 0.94--1.14, I^2^ = 0.0%, Fig M in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}); the null pattern was replicated at the subgroup analyses on cohort studies, case-control studies, overweight and obese subjects (Fig N in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}).

Dose-response meta-regression analysis {#sec017}
--------------------------------------

The results of the dose-response meta-regression analysis are presented in Table A in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}. The positive association between overweight status/obesity and risk for meningioma among females was reflected upon the findings of the meta-regression analysis (exponentiated coefficient = 1.15, 95%CI: 1.03--1.28, BMI in increments of 5 kg/m^2^, p = 0.018 following the approach by Berlin et al. \[[@pone.0136974.ref026]\], Fig O in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}), with similar results according to the approach by Il'yasova et al. \[[@pone.0136974.ref027]\].

On the other hand, the remaining sets of meta-regression analyses did not yield any significant associations; of note, however, it should be noted that the majority of these meta-regression analyses should be deemed explorative, as 10 study arms represent a minimum requirement for satisfactory power according to the Cochrane Handbook \[[@pone.0136974.ref023]\].

Evaluation of quality of studies and risk of bias {#sec018}
-------------------------------------------------

The evaluation of quality of studies is presented in Table B in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"} for cohort studies and in Table C in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"} for case-control studies. The quality of cohort studies was mainly compromised by the fact that the ascertainment of BMI was based on questionnaires rather than actual measurements. Regarding the case-control studies, their quality was often compromised by the lack of comparability of non-response rates among cases and controls, as well as the definition of controls. Regarding the overall brain/CNS analysis (Fig P in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}), publication bias was not significant at the overall (overweight and obese, pooled together) analysis on females (p = 0.429), males (p = 0.238), or study arms not distinguishing between the two sexes (p = 0.971). Similarly, lack of publication bias was noted regarding meningioma (p = 0.119; p = 0.761; p = 0.696, respectively, Fig Q in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}), whereas concerning glioma publication bias was noted only in the analysis pertaining to study arms not distinguishing between the two sexes (p = 0.421; p = 0.120; p = 0.030, respectively, Fig R in [S1 File](#pone.0136974.s003){ref-type="supplementary-material"}).

Discussion {#sec019}
==========

This meta-analysis highlights obesity as a risk factor for overall brain/CNS, meningiomas and gliomas in females. More specifically, being overweight or obese conferred a substantial increase in risk for all three conditions (12%, 27% and 17%, respectively). Moreover, overweight status or obesity also emerged as a risk factor for meningioma in males, conferring an excess risk of 58%.

From a methodological point of view, dose-response meta-regression analysis was often hampered by the small number of eligible study arms; nevertheless, it was capable of further validating the association between being overweight/obese and increased risk of meningioma among females. Indeed, the dose-response pattern may reinforce the causal nature of the association, according to the Bradford-Hill criteria \[[@pone.0136974.ref051]\]. Apart from the meta-regression analysis, the dose-response pattern could also be indirectly observed, given that obese males and females seemed sizably more burdened than overweight ones in terms of meningioma risk. Further commenting on methodological issues, this meta-analysis clearly underlines the need for separate reporting by gender in the forthcoming studies, as the study arms that did not distinguish between the two sexes seemed to merely reflect the effects of subjects' admixture.

Obesity may act through a variety of cancer-promoting pathways, such as chronic insulin resistance, hyperinsulinemia and increased activity of insulin-like growth factor (IGF)-I \[[@pone.0136974.ref052]\]. Importantly, more than half of meningiomas express the IGF-1 receptor, with IGF-I inducing the growth of meningioma cells in culture; this may provide a direct mechanism of potential tumor-promoting action in both genders \[[@pone.0136974.ref053]\]. Similarly, IGF-I receptors have been identified in glioma cells, possessing mitogenic \[[@pone.0136974.ref054]\] and anti-apoptotic \[[@pone.0136974.ref055]\] actions; this physiological background, shared by meningiomas and gliomas, may provide evidence for the biological plausibility of the associations observed by this meta-analysis.

The underlying mechanisms regarding the sex-specific pattern regarding gliomas and overall brain/CNS tumors remain unclear, but may encompass sex hormone-related effects. The well established, positive correlation between body fat mass and the levels of estrogen \[[@pone.0136974.ref056]\], highlighting the role of adipose tissue as a highly active endocrine organ, seems of special importance in this context. Being overweight/obese was consistently associated with meningioma risk in females, among both subgroups (cohort and case-control studies), whereas the association pertaining to males seemed mainly due to case-control studies. Sex steroid hormone receptors are indeed present in the majority of meningiomas, namely 80 to 90% of meningiomas express the progesterone receptor and 40% express the estrogen receptor \[[@pone.0136974.ref057]\]; this fact is consistent with the higher incidence of meningiomas among women compared to men \[[@pone.0136974.ref004], [@pone.0136974.ref058]\], as well as the progression of meningiomas during pregnancy \[[@pone.0136974.ref059]\].

Limitations of our meta-analysis essentially reflect the shortcomings of individual studies. Unadjusted effect estimates have been occasionally calculated, suffering essentially from confounding, whereas gender-specific effect estimates were not always provided, as discussed earlier. Furthermore, the number of eligible study arms regarding males was substantially smaller than that regarding females, potentially limiting the power of the analyses. Moreover, heterogeneity is very often present but may remain undetected, especially for small meta-analyses \[[@pone.0136974.ref060]\], as was occasionally the case in the present effort. Regarding the external generalizability of the findings documented herein, it seems worth mentioning that only two studies on Chinese/Asian populations were eligible \[[@pone.0136974.ref037], [@pone.0136974.ref038]\] and they reported on brain/CNS tumors, a fact which underlines the need for relevant studies especially regarding histotypes (meningioma/glioma), so as to shed light into race-specific effects, if any. In cohort studies, the ascertainment of BMI was based on questionnaires rather than actual measurements, a fact which may have introduced reporting bias; case-control studies often suffered by the differential non-response rates among cases and controls and are inherently prone to reverse causation.

It would also be tempting to envisage future studies assessing more elaborate indices of obesity, such as the waist to hip ratio as a marker of central, obesity, or measurements of subcutaneous fat, and whole body fat proportion in an attempt to provide further insight for the underlying pathophysiological links. Future studies may also broaden the perspective of this meta-analysis, examining the associations of obesity with schwannomas and other CNS tumor types, regarding which there is currently limited data. Individual patient data (IPD) pooled analyses seem also particularly desirable, as they might effectively investigate mediating and moderating effects regarding both patient and study characteristics, whereas they might effectively account for missing data as well as minimize or more adequately explain heterogeneity.

Despite the limitations, this meta-analysis bears certain strengths that can also be acknowledged. The lack of publication bias might be one of them; nevertheless, tests for publication bias are rather underpowered, especially in the context of less than 10 studies \[[@pone.0136974.ref061]\]. Other assets include the broad search algorithm, the meticulous "snowball" procedure for the maximization of eligible articles and synthesized information, as well as the rigorous contact \[[@pone.0136974.ref062]\] with the authors who subsequently provided us with supplementary data. Indeed, for instance regarding meningioma, our meta-analysis collectively synthesized 16 study arms, whereas the most recent meta-analysis on the field focused only on six studies \[[@pone.0136974.ref022]\], underlying the comprehensiveness of our approach, which may well have supplied us with substantial statistical power to detect the associations, contrary to the previous work. Another strength of this meta-analysis pertains to the fact that the synthesized studies are relatively recent, published between 2001 and 2014. From a public health perspective, the association between obesity and risk of the CNS tumors seems extremely meaningful, as the modifiable nature of obesity \[[@pone.0136974.ref063]\] may provide opportunities for prevention regarding these rare, yet considered unpreventable, tumor types.

In conclusion, this meta-analysis is the first to highlight obesity as a risk factor for overall brain/CNS tumors, meningiomas and gliomas among females, as well as for meningiomas among males. Further accumulation of data seems mandatory regarding more elaborate obesity indices. These results open novel perspectives in the prevention of CNS tumors and warrant further investigation regarding the mechanisms underlying the pathophysiological links and potential sex-specific effects.
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